Esta es la versión de autor del artículo publicado en: This is an author produced version of a paper published in: In this Account, recent progress in the construction of covalent and supramolecular Pcnanocarbon ensembles is summarized, with a particular emphasis on their photoinduced behavior. We believe that the high degree of control achieved in the preparation of Pc-carbon nanostructures, together with the knowledge of the factors governing their photophysics, will allow for the design of next-generation, light-fueled, electroactive systems. Possible implementation of these Pc-nanocarbons in high performance devices is envisioned, finally turning into reality much of the expectations generated by these materials.
Introduction
During the last twenty years, considerable effort has been made towards the preparation of donor-acceptor (D-A) systems exhibiting photoinduced charge-separation, a fundamental step in natural photosynthesis and solar energy conversion. [1] Among the toolbox of molecular building blocks available for the construction of such D-A ensembles, porphyrinoids hold a privileged position since they possess remarkable lightharvesting features and adjustable redox properties.
[2] In particular, phthalocyanines (Pcs), [3] synthetic porphyrin analogs, have been largely used in a variety of D-A covalent and supramolecular dyads, triads and more complex arrays. [4, 5] These chromophores show unique structural and electronic properties which result in a strong absorption in the visible range of the solar spectrum and a rich redox chemistry. In these systems, the HOMO-LUMO gap can be tailored by the adequate choice of peripheral substituents and/or metal centers in the Pc inner cavity, this feature constituting an appealing tool for tuning the photophysical properties of Pc-based, D-A ensembles. Among the Pc counterparts employed for the preparation of D-A systems, carbon nanostructures such as fullerenes, carbon nanotubes (CNTs) and graphene deserve a special mention due to their outstanding electronic features.
Since their discovery, fullerenes have gained a prominent position in the field of molecular materials. As a result of their excellent electron accepting properties and size confinement, these 0-D cages have raised the interest of a large part of the scientific community, prompting their incorporation into a plethora of molecular multicomponent systems, and as the acceptor component "par excellence" in organic photovoltaic devices. [6] Although sharing with fullerenes a sp 2 carbon network, CNTs [7] and graphene [8] are nondiscrete structures with extraordinary electrical properties, namely, the ballistic transport of electrons along the main axis of CNTs, and the extraordinarily high mobility of charges in atomically-flat graphene.
Key for the implementation of these highly insoluble 1-D and 2-D low dimensional nanocarbons into technological applications is to facilitate their processing, which can be achieved through chemical functionalization of their sp 2 network. Such chemical modification may also allow to prepare hybrid systems combining the properties of these carbon nanostructures with those of electro-and photoactive molecular building blocks such as Pcs.
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This Account underscores the importance of Pc-nanocarbon conjugates as light-powered, electronically-active systems for energy conversion schemes, offering an overview on the current state of the art of this field through the examination of selected examples from our group and others.
Phthalocyanine-fullerene ensembles
In 1997, the first Pc-C60 conjugate was reported in which the macrocycle and the spherical carbon nanostructure were covalently-linked through a Diels-Alder reaction between a Ni(II)Pc bearing a butadiene fragment and C60 fullerene. [9] Since then, many covalent and supramolecular Pc-C60 systems have been prepared and studied. In these ensembles, parameters such as i) the electronic features of the macrocycle, ii) the nature of the spacer connecting the Pc and C60 moieties in covalently-linked systems (short/long, rigid/flexible, conjugated/nonconjugated); or iii) the supramolecular interaction motif(s) used to assemble the two moieties in noncovalent Pc-C60 systems have been varied with the aim of rationalizing how these changes affect the formation and recombination of the photogenerated charged species.
[4]
Recently, a general and versatile synthetic strategy for the preparation of chemically stable, segregated Pc-C60 alignments has been presented which relies on the solvothermal synthesis of Pc-based covalent organic frameworks (COFs) and their postfunctionalization by a C60 derivative. [10] Pc-based COFs present a porous architecture formed by periodically 
, which exhibited both ground-and excited-state electronic communication between the two electroactive units. [12] Pc-C60 ensembles held together by the combination of two, or more, "types" of noncovalent interactions have also been prepared with the aim of driving the assembly/disassembly of these supramolecular systems through the use of cooperative or orthogonal stimuli. Figure 4) . [14] The assembly strategy used is based on the K + -induced, cofacial stacking of two crown ether-containing Zn(II)Pcs and the cooperative, "two-point" binding of two fullerene carrying a pyridyl and a terminal ammonium moiety to the two macrocycles through pyridyl-Zn(II), metal-ligand coordination and ammonium/crown ether complexation.
Photophysical studies on self-assembled complex 6 revealed the formation of a photoinduced charge separated species, with a lifetime considerably longer than that of an analogous system in which the Pc is replaced by a Por macrocycle (6.7 µs vs 50 ns). Such increase in the charge separation lifetime was attributed to i) the cofacial stacking arrangement of the two Pcs in 6 and ii) the smaller reorganization energy of the electron transfer process for the π-expanded Pc macrocycle relative to the smaller π-conjugated Por system.
Whereas the vast majority of the studies on Pc-C60 conjugates reported to date have been carried out in solutions of molecularly-dispersed species, potential applications of these D-A systems in real-life devices rest on the possibility to organize these conjugates in some condensed phases over several length scales. In this respect, the preparation of appropriatelyfunctionalized Pc-C60 compounds presenting liquid crystalline properties represents an appealing strategy to achieve long-range order with these D-A compounds through their hierarchical self-assembly.
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Covalently-linked Pc-C60 ensembles able to form liquid crystalline phases have been reported by us [15] and others. [16, 17] These systems, which share as a common structural feature the presence of long alkyl or alkoxy chains surrounding the π-conjugated Pc surface, selfassemble forming discotic liquid crystalline materials through a combination of π-π stacking and aliphatic−aliphatic interactions. Long and flexible aliphatic spacers connecting the Pc and C60 are usually employed with the aim of distancing the two moieties, thus reducing possible deleterious effect of the bulky, spherical C60 molecule on the Pc liquid crystalline
properties. [15, 16] However, a short and semiflexible bridge has also been used in dyad 7 which forms a liquid crystalline material that exhibits efficient photocurrent generation and good short-range and long-range ambipolar charge transport properties ( Figure 5a ). [17] Interestingly, pre-heated samples of 7 showed a five-fold increase in the charge mobility with respect to the unheated material, a phenomenon attributed to a better alignment of the Zn(II)Pc-C60 columns upon thermal treatment which, in turn, may facilitate the charge transport.
Supramolecular interactions between a Pc-C60 conjugate (8) have also been exploited for the "bottom-up" fabrication of electrically-conductive thin films. Dyad 8 was deposited by drop-casting on highly ordered pyrolytic graphite (HOPG) and graphite oxide and the resulting films investigated by atomic force microscopy (AFM) and conductive-AFM (c-AFM). [18] AFM studies indicated that this D-A conjugate forms micrometer-long fibers and thin films on HOPG (Figure 5b ). Interestingly, complementary c-AFM studies carried out on both surface-supported films and fibers showed extremely high electrical conductivity values which were strongly dependent on the supramolecular order of the dyad within these nanostructures.
The possibility of functionalizing surfaces by co-or sequential deposition of Pc and molecules such as C60 [19, 20, 21] or C60-based fragments as corannulene [22, 23] has also been demonstrated. Scanning tunneling microscopy (STM) studies on these surface-supported systems revealed that the porous, 2-D packing motif formed by the Pcs can act as a template for the organization of a guest molecule, leading to the formation of highly-ordered, bicomponent supramolecular arrays. More recently, a three-component system adsorbed on Au(111) has also been prepared in which a metastable, two-component network formed by metallated Pc and porphyrin macrocycles acts as a supramolecular "chessboard", promoting 7 the assembly of a third C60 component which is selectively trapped in the open spaces of the Pc/porphyrin, 2-D network (Figure 5c ). [24] Recently, Pcs covalently linked to Y3N@C80 endohedral metallofullerenes (EMFs) have also been reported. [25] EMFs, isolated for the first time in 1999, [26] present several advantages with respect to empty fullerenes such as higher absorption coefficients in the visible region of the electromagnetic spectrum and a redox chemistry which can be varied as a function of the encapsulated species. Covalent, Y3N@C80-based Pc dyads have been prepared in low yields via Prato-Maggini and Bingel-Hirsch reactions. However, the poor chemical stability of the systems obtained precluded an accurate electrochemical and photophysical characterization of these ensembles.
Phthalocyanine-carbon nanotube ensembles
Following the discovery of CNTs, many chemists worldwide have started to actively search for efficient chemical protocols aimed at CNTs functionalization, [27] in some cases "adapting" some of the functionalization methods successfully employed in fullerene chemistry. This research effort has resulted in the preparation of numerous CNT-based materials, in which the tubular species are covalently linked to electron-donating molecules such as ferrocene and tetrathiofulvalene. [28] Even more interesting, "grafting" electrondonating organic addenda with good light-harvesting capabilities to electron-accepting CNTs result in D-A hybrid materials which could be of interest for solar energy conversion schemes. Within this framework, our group and others have pursued to link Pcs to singlewalled CNTs (SWCNTs) in the search for hybrid nanomaterials for photovoltaic applications.
Pioneering the functionalization of non-oxidized SWCNTs with Pcs, our group has described a two-step procedure based on the 1,3-dipolar cycloaddition of azomethine ylides, formed in situ by reaction of N-octylglycine and 4-formylbenzoic acid, to pristine SWCNTs, and subsequent esterification reaction of the carboxylic acid-derivatized nanotube material with a hydroxymethyl-substituted Zn(II)Pc. [29] In a second stage, aiming at preparing Zn(II)Pc-SWCNT materials through a more efficient synthetic strategy, we envisioned the use of high yielding "click chemistry" protocols such as the Huisgen cycloaddition for the introduction of Zn(II)Pcs to adequately functionalized nanotubes. [30] For this purpose, provide measureable charge transfer from the Pc to the SWCNT but also low enough to preserve the electronic features of SWCNTs. [31] In this connection, an elegant approach reported by Campidelli and coworkers aimed at increasing the cross section absorption of the hybrid material while preserving as much as possible the electronic properties of the nanotubes, relies on attaching Zn(II)Pc dendrons rather than single Pc chromophores. [32] The use of noncovalent interactions as a tool to functionalize SWCNTs offers, undeniably, En route to promote immobilization of Zn(II)Pcs on SWCNTs, some strategies have been envisioned. First to mention, attachment of oligoethylenglycol-type dendritic wedges to the hydrophobic Pc core allows the preparation of stable Pc-SWCNT dispersions, both in polar solvents and aqueous media. [34] Also, linking pyrene to the periphery of a Pc macrocycle provides a way to form stable suspensions of MPc (M = Zn(II), H2) and SWCNTs. [35] More recently, an azulenocyanine, a near-infrared absorbing Pc derivative, has been also immobilized on SWCNTs following the same approach. [36] A "two-point" binding strategy has been envisioned by Ito, D'Souza and coworkers to prepare supramolecular Zn(II)Pc- 9 SWCNT ensembles, which consists in immobilizing on the nanotube surface pyrene units functionalized with either imidazole [37] or alkylammonium [38] groups; then, in a second step, Zn(II)Pc molecules were ensembled either through metal ligand interactions between the imidazole and the Zn(II) center, or dipole-ion interactions between crown-etherfunctionalized Zn(II)Pcs and alkyl-ammonium cations (10, Figure 6 ).
Not only pyrene, but also other conjugated structures can act as anchoring units leading to supramolecular Pc-SWCNT ensembles. The ability of conjugated poly-pphenylenevinylene oligomers 11 and 12 ( Figure 7 ) bearing pendant Zn(II)Pcs arms to wrap around SWCNTs was recently established. [39, 40] Importantly, parameters such as size, n- (11) or p-type (12) character of the oligomer, and distance between the Zn(II)Pc moiety and the conjugated backbone resulted to play a decisive role in the stability of the ensembles.
The ultimate feature that we and others anticipate from these hybrid Pc-SWNCT nanomaterials is the occurrence of excited state electronic interactions between the two components, in particular, photoinduced electron transfer processes able to generate longlived charge separated states. Important is to mention that the strong donor character of the Zn(II)Pc units, comprising all the above mentioned nanohybrids determine the direction of the photoinduced charge separation process, giving rise to metastable species formed by oxidized, Zn(II)Pc radical cations and reduced SWCNT species. Some effort has been devoted to determine the structural factors governing the charge separation events taking place in these systems. As a general trend, comparative photophysical studies over dispersions of Zn(II)Pc-SWCNT nanohybrids reveal that noncovalent ensembles formed by π-π interactions between pyrene and SWCNTs show the longest charged separated state lifetimes. In particular, nanohybrids prepared by the "two-point" binding strategy (such as 10, Figure 6 ) which present a longer SWCNT-to-Zn(II)Pc distance, exhibit charge separation lifetimes between 60 and 110 ns. [37, 38] Oppositely, o-PPV-Pc/SWCNT [39, 40] and oligoethylenglycol-type dendritic Pc/SWCNT [34] derivatives show photoinduced charge separation lifetimes three orders of magnitude shorter.
Indeed, the photovoltaic properties of the Pc-SWCNT nanohybrids can be eventually photon-to-current (IPCE) efficiencies were found for pyrene-H2Pc/SWCNT nanohybrid, which shows IPCE values as large as 23%, this value ranking among the highest reported for D-A, SWCNT-based hybrids. [35] Phthalocyanine-graphene ensembles Graphene, the "rising star" in the carbon nanoform family, not only possesses unique optoelectronic features, but also has a large surface area, which is suited for the preparation of tailored hybrid materials by interaction with other optoelectronically active organic components. Regarding graphene's covalent functionalization, the absence of strained carbon atoms renders this 2-D material significantly less reactive than fullerenes or CNTs.
Initial attempts towards its derivatization consisted in the exfoliation of graphite flakes through oxidation reactions [i.e., graphene oxide formation] followed by chemical functionalization and reduction of the material to recover as much as possible the graphene structure. The main drawback of this route is that, in most of the cases, the intrinsic electronic properties of graphene are not fully recovered. Later on, the liquid-phase exfoliation of graphite [41] evolved as a method to obtain stable dispersions of single-to-few-layer graphene with few defects and that could be further modified by means of protocols previously applied for the functionalization of SWCNTs, such as cycloaddition or insertion reactions. graphene carbon atoms, although, considering that a high content of few-layer graphene is present in the material, the real Pc-to-graphene carbon ratio at the surface should be higher since the "inner" layers remain unfunctionalized. Yet, a relatively low functionalization degree of the graphene surface was achieved, something beneficial to preserve the graphene electronic properties. Steady-state and time-resolved spectroscopic techniques were used to assess electronic interactions between the Pc molecules and the graphene layers in 13, demonstrating the electron-accepting ability of graphene. Electron transfer from Zn(II)Pc to graphene was assessed by the formation of the typical features of the one-electron oxidized Zn(II)Pc together with the concomitant bleaching of the graphene-related transistions.
Aromatic building blocks such as pyrene derivatives and conjugated polymers feature strong adhesion capabilities towards graphene through π-π stacking interactions and have been used for the exfoliation of graphite and the stabilization of the resulting exfoliated material. [43] In this context, Pc-based, single-to-few-layer D-A graphene nanohybrids can be, then, obtained by attaching any of these "anchoring" units to electron-donating Pcs. In particular, n-type and p-type poly-p-phenylenevinylene oligomers containing lateral Zn(II)Pcs 11,12a-c ( Figure 7 ) were able to assist the exfoliation of graphite in THF to form stable nanohybrids which featured charge separation evolving from photoexcited Zn(II)Pc to graphene. [44, 45] To explore its potential in solar energy conversion applications, prototype solar cells were prepared, although low IPCE values (ca. 1%) were achieved.
As in the case of SWCNTs, pyrene is a useful auxiliary unit which can be used to enforce the interaction of pyrene-based Pcs with the graphene surface. Fukuzumi, D'Souza and coworkers have directly linked four pyrene entities to a H2Pc macrocyle. Few-layer graphene dispersions obtained by sonicating graphite flakes in different solvents were mixed with solutions of a pyrene-functionalized H2Pc derivative. [46] Femtosecond transient absorption spectroscopy carried out on this D-A hybrid provided clear evidence for ultrafast charge separation due to close proximity of the donor and acceptor entities.
More recently, the first reports of covalent [47] and supramolecular [48] Pc-graphene ensembles showing an "inverted" graphene-to-Pc photoinduced charge transfer dynamics have been reported, based on electron-accepting, alkylsulfonyl-substituted Pcs. In these systems, peripheral functionalization of Pcs with strong electron-withdrawing substituents leads to a significant reduction of the HOMO and LUMO energies, thus making feasible an electron transfer process from the graphene sheets to the photoexcited Pc in Pc-graphene hybrids. In this context, a covalently-linked Pc-graphene ensemble has been prepared by a "click" reaction between an azido-containing electron-accepting Zn(II)Pc and phenylethynyl-derivatized graphene. [47] On the other hand, linking pyrene to a alkylsulfonylfunctionalized Pc facilitates exfoliation of graphite leading to stable Pc-graphene supramolecular materials 14 ( Figure 8 ). [48] Both ensembles unequivocally show ultrafast photoinduced charge separation, that is, the generation of the one-electron reduced radical anion species of the Zn(II)Pc and formation of oxidized graphene.
Conclusions and Outlook
During the past few decades, significant effort has been made by several researchers and To end with, a bright future can be foreseen for these "bright" materials, especially in applications related to solar energy conversion schemes and organic electronics.
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